The admixture of diVerent ancestral populations in America may have important implications for the risk for psychiatric disorders, as it appears to have for other medical disorders. The present study investigated the role of population admixture in risk for several psychiatric disorders in European-Americans (EAs) and African-Americans (AAs). This is a multisite study with 3,792 subjects recruited from across the United States, including 3,119
compared between cases and controls. As noted previously, the degree of admixture in AAs was higher than EAs. In EAs, the degree of admixture (with African ancestry) was signiWcantly lower in patients with SD (mainly AD) than controls (P = 0.009 for SD; P = 0.008 for AD). This Wnding suggests that population admixture may modulate risk for alcohol dependence. Population admixture might protect against alcohol dependence by increasing average heterozygosity and reducing the risk of deleterious recessive alleles. We cannot exclude the possibility that the results might have been inXuenced by selection bias due to the multisite nature of the study.
Introduction
Psychiatric disorders are multifactorial and genetically complex. They are inXuenced by both genetic and environmental factors, which can also be diVerentiated into internal factors (e.g., genetic, inborn, and biochemical factors) and external factors (e.g., trauma, infection of CNS, and stress). Environmental factors, including psychosocial, cultural, and socioeconomic factors, have long been accepted as inXuencing the risk for psychiatric disorders. In addition, family, twins, and adoption studies demonstrate that genetic factors are important components of the causes for psychiatric disorders. The universal prevalence of psychiatric disorders in diVerent founding populations supports the idea that a biological basis underlies the cause for these diseases. The diversity of prevalence of psychiatric disorders in admixed populations might be attributable in part to admixture. The focus of the present study is the eVects of population admixture on the risk of substance dependence (SD), schizophrenia, aVective disorders (AFD), and social phobia (SP).
Current populations are often divided by researchers for the purposes of medical studies into six major continental ancestral populations, i.e., African, European, Middle Eastern, Central/South Asian, East Asian, and Oceania (Rosenberg et al. 2002) , although these populations are not entirely distinct (Hunley et al. 2009; Rosenberg et al. 2005) . As a result of migrations during the past 500 years, admixture between these ancestral populations has occurred on a large scale in many parts of the world while gene Xow was previously more restricted between them. In pre-Columbian times, indigenous or Amerindian peoples were the only populations in the United States. After Columbus arrived in the New World in 1492, Europeans began to migrate to North America, leading to their descendants becoming the largest modern US population, EA (69.1%) . At approximately the same time, Africans (mainly from West Africa) were brought to North America as slaves [and their descendants as well as more recent immigrants from the West Indies and all parts of Africa are now the major ancestral group for the third largest modern US population, AA (12.1%)]; Hispanics (admixed mainly by Spanish-Europeans, Africans and Native Americans) constitute the second largest modern US population (12.5%); these majority and other minority populations continue to immigrate to the US. The migrations brought new opportunities for population admixture, and today, most modern populations in the US are admixed. Ancestry proportions vary among individuals in these admixed populations. This variation in the individual degree of admixture has many potential causes, including the number of generations during the admixture history and continued gene Xow from the ancestral populations. Populationbased diVerences in disease risk have been observed and admixture between high-risk and low-risk populations has occurred. The two most common genetically distinguishable populations in the US, EAs and AAs, have their origins in ancestral populations that migrated from multiple geographic regions of Europe and Africa, respectively. As reported previously Parra et al. 1998) , AAs are admixed primarily with Europeans, and some EA individuals have (usually small) proportions of African ancestries in addition to gene Xow into these two populations from other major continental ancestral populations. The degree of European admixture in African-American populations varies greatly by geographical region, ranging from 6.8 to 22.5% with a standard error of the mean (SEM) of 1.3-2.7% (Parra et al. 1998 ). The estimated African/non-African ancestry crossover rate of 2.4 per 100 cM suggests that the average time since admixture between Africans and non-Africans is at least Wve generations, consistent with historical evidence (Molokhia et al. 2003) . The extent of African admixture in EAs is around 2%. Moreover, there is considerable evidence of admixture within European populations (Wellcome Trust Case Control Consortium 2007) .
The proportion of EA admixture in AA populations is much higher than the proportion of AA admixture in EA populations, however, there can only be one rate of mixture between the two ancestral populations. This discrepancy is a result of a self-imposed retention of the one drop rule under which, individuals with some African ancestry are often identiWed, by themselves, their parents, and others as AA, regardless of their % African ancestry (Roth 2005; Waters 1991 ). This is borne out both in studies of census data and in genetic data and is a phenomenon speciWc to the US (Goncalves et al. 2007 ). It has also been shown that European admixture in African Americans is sex-biased with up to four times greater male than female European gene Xow into African American populations (Hammer et al. 2006; Lind et al. 2007; McLean et al. 2003; Parra et al. 2001 ).
In spite of continuing controversy, self-identiWcation of population group is widely acceptable clinically, but is insuYcient to evaluate admixture eVects. Hanis et al. (1986) Wrst used a genetic method to measure the degree of admixture in Mexican-Americans. McKeigue (1998) suggested that 2,000 SNPs, each with information content for ancestry (f) > 0.3, can extract 70-90% of the ancestry information for each locus to measure admixture between EAs and AAs, when admixture has occurred 2-10 generations earlier. Rosenberg et al. (2002) demonstrated that 377 short tandem repeats (STRs) were suYcient to measure admixture among 52 world populations. Hoggart et al. (2003) used 32 ancestry-informative markers (AIMs) to measure admixture between African-Caribbeans, Hispanics and AAs. Our previous studies demonstrated that 39 AIMs, including 1 SNP (FY) and 38 STRs, were suYcient for measuring admixture between EAs and AAs (Luo et al. 2005b; Stein et al. 2004; Yang et al. 2005) , and thus these AIMs (excluding those two disease-associated STRs) were used in the present study (see "Methods").
Population-based genetic association studies are vulnerable to admixture eVects. Population admixture could result in a spurious observation of association between gene and disease, violation of Hardy-Weinberg equilibrium (HWE) in the genotype frequency distribution, or LD between unlinked loci. Even when the statistical analysis is conducted separately within EAs and AAs, population stratiWcation could still have eVects on the analysis, because admixture within these two populations aVects observation of LD block size, HWD tests, or phenotype associations. Several studies reported that, after controlling for admixture eVects, relationships between risk for diseases and candidate genes were dramatically changed. For example, before controlling for admixture eVects, 11, 7 and 5 markers of 32 AIMs (in AAs, African-Caribbeans and Hispanics, respectively) were shown to be associated with skin pigmentation. However, after controlling for admixture eVects, only 2, 3 and 1, respectively, of 32 AIMs showed positive associations with skin pigmentation (P < 0.05) .
We also reported that 19 of 38 STRs were associated with alcohol dependence before controlling for admixture eVects in a mixed EA and AA sample, but only two of them were associated with disease after controlling for admixture eVects (P < 0.05) (Luo et al. 2005b) . LD between these AIMs and known risk genes has been excluded. Thus, it is possible that there are correlations between these AIMs and risk for diseases that obscure the associations between risk for diseases and the candidate genes. The theoretical basis for studying the direct relationship of disease risk to individual admixture was set out some years ago (Chakraborty and Weiss 1986) . Subsequently, Hanis et al. (1986) reported that the degree of admixture was marginally related to gallbladder disease in Mexican-Americans, with individuals having the most Amerindian aYnity being at increased risk. Molokhia et al. (2003) reported that the risk for systemic lupus erythematosus (SLE) increased with the degree of West African admixture in a Caribbean population. Brutsaert et al. (2005) found Quechua ancestry [as measured by Native American (NA) versus European ancestry proportion] was signiWcantly inversely related to sustained hypoxic ventilatory response measured at sea level, and exercise ventilation measured at high altitude. Studies examining the relationship between body mass index and European Ancestry in admixed American populations including AA, Hispanic, and NA have had conXicting results (Fernandez et al. 2003; Klimentidis et al. 2009; Reiner et al. 2007 ). The present study examined the relationship of psychiatric disease risk to the proportionate admixture of individuals in EA and AA populations.
Materials and methods

Subjects
A total of 3,870 subjects [3,119 self-reported EuropeanAmericans (EAs), 673 self-reported African-Americans (AAs) and 78 West Africans] were included in the present study, including healthy controls and subjects with substance (alcohol, cocaine, and/or opioid) dependence, social phobia, AFDs, or schizophrenia. The sample sizes, sex distribution, and mean ages of these subjects are shown in Table 1 . The cases met lifetime DSM-III-R or DSM-IV criteria (American Psychiatric Association 1987 , 1994 for these psychiatric disorders. DSM-III-R and DSM-IV criteria are highly consistent in the diagnosis of psychiatric disorders (e.g., cross system agreement ¸92% for alcohol dependence) (Rounsaville et al. 1993) , so subjects diagnosed by these two instruments were combined in our study. Diagnoses were made using the Structured Clinical Interview for DSM-III-R (SCID) (Spitzer et al. 1992) or DSM-IV, the computerized Diagnostic Interview Schedule for DSM-III-R (C-DIS-R) (Blouin et al. 1988) or DSM-IV, the Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA) PierucciLagha et al. 2005) , or a checklist comprises DSM-III-R or DSM-IV symptoms. The control subjects were screened using an unstructured psychiatric history, the SCID, the C-DIS-R, or the Schedule for AVective Disorders and Schizophrenia (SADS) (Spitzer and Endicott 1975) , to exclude major axis I mental disorders, including alcohol or drug abuse or dependence, psychotic disorders (including schizophrenia or schizophrenia-like disorders), AFDs, and major anxiety disorders.
The subjects were recruited at the University of Connecticut Health Center, the Connecticut Mental Health Center, the VA Connecticut Healthcare System-West Haven Campus, 14 other Veterans AVairs medical centers (Rosenheck et al. 1997) , the Yale-New Haven Medical Center, the Medical University of South Carolina, the University of California at San Diego, Mount Sinai School of Medicine, Brown University School of Medicine, and Pennsylvania State University, or from the community (via word of mouth and advertisements). All subjects signed informed consent, which was approved by the IRB at each of the participating institutions. There was an exception to this approval process for subjects from Project MATCH (n = 862) (Project MATCH Research Group 1998) and a subsample of subjects collected at the Highland Drive VA (Pittsburgh), which were determined by the OYce for Protection from Research Risks and the Yale Institutional Review Board (IRB), respectively, to be exempt from review because the research involved use of existing deidentiWed or anonymous samples. The study was approved by the IRB at each of the participating institutions.
Ancestry proportion estimation
To measure the degree of admixture, we estimated the diVerent ancestry proportions for each individual, using a molecular genetic approach. This model-based clustering method examined ancestry proportions by utilizing the ancestry information content of a set of AIMs. The algorithm used for clustering is a Bayesian approach that is implemented in the program STRUCTURE (Pritchard et al. 2000) .
Sources
This set of 38 AIMs includes 36 STRs (two disease-associated STRs were excluded from the original marker set), one highly ancestry-informative FY marker (rs2814778) [details were listed in tables by Luo et al. (2005b) and Yang et al. (2005) ] and one highly ancestry-informative SLC24A5 marker (rs1426654) (Lamason et al. 2005) . The STR markers were selected from two sources. One set of markers was from the AmpFLSTR IdentiWler PCR AmpliWcation Kit, which is used for forensic and paternity determination purposes [Applied Biosystems, Inc. (ABI), Foster City, CA]. The second set of markers was chosen for their high as reported previously (Smith et al. 2001) [reXects the ancestral information content of a marker (Rosenberg et al. 2003) and was provided in tables by Luo et al. (2005b) ]. A sample of West Africans was included as well. This sample has a low admixture rate and serves as a parental (or reference) population (i.e., a genetic background control) in the ancestry proportion estimation. 
Genotyping
The DuVy antigen gene (FY) marker (rs2814778) and SLC24A5 marker (rs1426654) were genotyped by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) techniques as described previously (Luo et al. 2004 ); or via the Taqman method. The 36 STR markers were assigned to two genotyping panels. Each panel was genotyped in a single capillary by a Xuorescence capillary electrophoresis (FCE) technique using the ABI PRISM 3100 semiautomated capillary Xuorescence sequencer as described in detail elsewhere (Yang et al. 2005) .
Characteristics
The 38 AIMs are unlinked to each other; additionally, there was no linkage disequilibrium (LD) between any two of these AIMs. All markers were in HWE within EAs or AAs and were not associated with any phenotype tested in the present study.
Procedure
To measure the ancestry proportions of the subjects more accurately, all subjects including EAs, AAs and West Africans were studied together as one single "admixed" sample. All of the AIM genotype data were input into the program STRUCTURE to derive parameter estimates-ln[Pr(X|K)], conditioning on diVerent Ks (K = 1, 2,…,5), where X denoted the genotypes of the sampled individuals, and K was the putative genetic ancestral population number. We ran 100,000 repetitions of simulations before collecting data to minimize the eVect of the starting conWguration (burn-in period length), and then 100,000 Markov Chain Monte Carlo repetitions to measure ln[Pr(X|K)] accurately. The optimal K is usually the one with the highest posterior probability Pr(K|X), and since it contains the major structure in the sample, this optimal K was selected as the most appropriate number of the subpopulation groups in our sample. The ancestry proportion for each of the K subpopulations in each subject was predicted using STRUCTURE.
Feasibility
The number of AIMs required for STRUCTURE depends on the number of generations since admixture, and on the information content for ancestry of the markers reXected by values ( is a measure for diVerence of allele frequencies between two founding populations) (Yang et al. 2005) . Admixture of EAs and AAs has occurred over the past Wve generations. We demonstrated previously that our original 39 AIMs (with values between 0.10 and 0.83) are suYcient to identify the ancestries of EAs and AAs (Yang et al. 2005) . The suitability of this set of AIMs to detect the presence of population structure, the adequacy of this set of AIMs to provide information to assign all individuals to diVerent genetic ancestral populations, and the feasibility with which they are validly analyzed by the program STRUCTURE and provide the ancestry proportions of diVerent genetic subpopulations for each subject have already been demonstrated previously (Kaufman et al. 2004; Luo et al. 2005a, b; Stein et al. 2004; Yang et al. 2005) .
Admixture degree (ancestry proportion) calculation and comparison, and correction for multiple testing In EAs (or AAs), we deWne the degree of admixture as the sum of the weight of African (or European) ancestry of each subject divided by the sample size. A higher proportion of African (European) ancestry in EAs (or AAs) represents a greater degree of admixture.
The mean admixture degree of each phenotype group is listed in Table 1 . The diVerence in the degree of admixture between patients and controls was compared using the t test and P values are shown in Table 1 . Age does not aVect the admixture degree in individuals (Reiner et al. 2007; Reiner et al. 2005) , so this comparison needs no adjustment for age.
European-Americans and AAs were analyzed separately. Six phenotype groups [including alcohol dependence (AD), cocaine dependence (CD), and opioid dependence (OD), AFD, SP and schizophrenia] were tested in the comparisons. Some phenotypes (e.g., AD, CD, and OD) were strongly dependent on each other; correction for six tests would be too conservative. We, thus, applied a correction by treating these six phenotype groups as Wve independent groups, i.e., drug dependence (DD) (including CD and OD), AD, AFD, SP and schizophrenia, and the signiWcance level ( ) was corrected for Wve comparisons, i.e., = 0.05/5 = 0.010.
Data simulation and power analysis
The normality of distributions of the degree of admixture was checked by the one-sample Kolmogorov-Smirnov test implemented in SPSS, which showed that the degree of admixture was normally distributed both in EAs and AAs. We simulated the ancestry proportions (i.e., admixture rates) in each phenotype group by generating random numbers using R language, given the sample sizes and the ancestry proportion diVerence between cases and controls shown in Table 1 . This simulation was based on the normal distribution that was deWned by the mean admixture rates and the standard deviations shown in Table 1 . The simulation procedure was repeated 10,000 times, and then we performed a t test between each simulated case group and control group and generated 10,000 P values. The power would be the proportion of times that the P value was equal to or smaller than 0.05, i.e., the proportion of times that the null hypothesis, i.e., the case group and the control group had the same mean admixture rates, was rejected at the signiWcance level of 0.05.
Results
1.
Two main ancestries were detected in our sample and the ancestry proportions in each subject were examined after analysis with STRUCTURE. When K = 2, the posterior probability Pr(K|X) reaches its highest value, and all subjects were assigned to two subpopulations. That is, two main ancestries, European and African, were detected in our sample, which accords with the demography of our sample and is consistent with a previous analysis of the ancestry of AAs . The two ancestry proportions in each individual were highly asymmetric; only three controls, nine SD subjects (of which 6 had a diagnosis of AD, 5 CD, and 1 OD), and eight schizophrenic subjects had European or African ancestry proportions of 0.5 § 0.1. Theoretically, these subjects might potentially have admixture with other populations, e.g., Asians or intra-European subpopulations. However, K¸3 resulted in decreasing posterior probability Pr(K|X) values. Thus, these other populations were ignored in the present study. Subjects with European ancestry proportions >0.5 had higher probability to be self-reported EAs than self-reported AAs, and thus were assigned to "ancestry validated" EAs; subjects with European ancestry proportions <0.5 had higher probability to be self-reported AAs than self-reported EAs, and thus were assigned to "ancestry validated" AAs. Among the self-reported EAs, 99.6% (=3,119/3,131) were "ancestry validated" EAs. A somewhat smaller proportion [95.7% (=751/785)] of self-reported AAs were "ancestry validated" AAs. Based on these criteria, we excluded the questionable subjects whose self-reported ethnicities and genetic ancestries were unmatched (12 self-reported EAs and 34 self-reported AAs) to assure the sample quality. 2. The degree of admixture in AAs was higher than in EAs (Table 1) . In EAs, the degree of admixture was between 1.37 and 2.41%; in AAs, the degree of admixture was between 3.15 and 7.26%. The degree of admixture in any phenotype subgroup was higher in AAs than in EAs. The degree of admixture in any phenotype subgroup in AAs was 5-12 times that in West Africans.
3. In EAs, the degree of admixture (with African ancestry) was signiWcantly lower in patients with SD (mainly AD) (P = 0.009 for SD, 95% CI 0.106-0.727%; P = 0.008 for AD, 95% CI 0.112-0.736%) and nominally higher in patients with AFD (P = 0.057 for total; P = 0.040 when excluding comorbid AD which occupies 13%) than in controls (see Table 1 ); in AAs, the degree of admixture (with European ancestry) was nominally higher in patients with schizophrenia than in controls (P = 0.015) ( Table 1) . After correcting for multiple testing ( = 0.010), only in EAs, the degree of admixture remained signiWcantly lower in patients with SD (mainly AD) than in controls. However, if we apply a conservative correction for multiple testing by the numbers of six diagnoses and two populations, this diVerence between cases and controls becomes suggestive only, possibly due to information loss. Given the sample sizes of SD (n = 1,527), AD (n = 1,450) and healthy controls (n = 811) in EAs (see Table 1 ), and given the admixture rate diVerences between SD and controls ( = 0.41%) and between AD and controls ( = 0.42%), power was 75 and 76%, respectively; to detect the small admixture rate diVerence ( = 0.41, 0.42%, respectively) from controls; we had 75 and 76% probability, respectively, to get the signiWcant results using our SD and AD samples. Our sample sizes of SD and AD have 80% power to detect the admixture rate diVerence from controls down to 0.44 and 0.43%, respectively.
Discussion
In the present study, we found that African ancestry was signiWcantly lower in EA SD subjects (mainly AD subjects) than EA controls. This Wnding could suggest that population admixture might protect against alcohol dependence. However, before we draw this conclusion, two alternate explanations should be considered. First, because our samples were not randomly sampled from all over the US and were not ascertained by a completely consistent strategy across all locations, admixture history was not randomized or matched between cases and controls, so that the asymmetry in the degree of admixture between cases and controls could be attributable to sampling bias. The degree of admixture (3.15-7.26%) in AAs is lower than the reported estimates [(6.8-22 .5%) § SEM (1.3-2.7%); (Parra et al. 1998) ], which might reXect this sampling bias, in view of the variance of immigrant history of AAs in diVerent geographic areas. Sampling bias is very hard to avoid, because it is not feasible to randomize subjects on admixture history during sampling (there usually is bias in the tracking back to non-admixed parental populations) and because there are no reliable clinical methods to measure admixture during the sampling process. However, exactly as there is no clinical way to measure the degree of admixture, it is also impossible for us to intentionally sample patients with higher or lower degree of admixture. Although the degree of admixture in AAs detected is somewhat lower than what has typically been seen in the literature previously, it is still reasonably within the ranges of 95% CI of the previously reported ranges. The degree of admixture in AAs was 5-12 times that in West Africans. These reasonable ratios reXect the relative suYciency and validity of our approach in detecting admixture, although it might be not suYcient to derive the absolute value of admixture degree. Second, the missing genotyping rates for the 38 AIMs may vary between diVerent phenotype groups due to diVerences in DNA quality, so that the asymmetry between the predicted marker-based European and African ancestry proportions varies between phenotype groups. For example, 96.4, 97.8, 97.9, 97.3, 97.6, 92.6, 93.7, and 96 .3% of subjects have >90% European ancestry proportions in our EA controls and EA patients with substance dependence, alcohol dependence, cocaine dependence, opioid dependence, social phobia, AFDs, and schizophrenia, respectively. Because variation in the rate of missing genotypes for the same marker between diVerent phenotype groups is inevitable during high-throughput genotyping, the possibility that this inXuenced the association of admixture with SD cannot be completely excluded. However, whereas the genotyping was performed under the same conditions, in the same laboratory, using the same genotyping system, set of primers, and methods, the lack of conformity in genotyping between subgroups should not be great. Therefore, we conclude that there is an association between admixture and risk for SD. Population admixture may inXuence risk of disease either via some speciWc environmental factors or by decreasing the genome-wide homozygosity rate, or via both mechanisms. Psychiatric disorders have been hypothesized to be inXuenced by both environmental and genetic factors that could bridge the association between psychiatric disorders and population admixture. Chakraborty and Weiss (1986) claimed that an association between disease risk and individual admixture is the most direct way to demonstrate that genetic, not environmental, factors predispose to disease risk, especially when the disease risk diVers by population group, which could most reasonably explain the case for psychiatric disorders. Usually, if disease risk is largely attributable to a speciWc environmental factor, the ethnic diVerence in disease risk would be expected to subside somewhat within a few generations of migration and admixture (Reid 1971) . After at least Wve generations (>200 years) of admixture and living together in the same country, the current prevalence rates of phobic disorders (16.2%) and cocaine dependence (0.25%) of AAs still diVer somewhat from those of EAs (9.1 and 0.10%, respectively), and the lifetime prevalence rates of schizophrenia (2.1%) and phobic disorders (23.4%) of AAs diVer somewhat from those of EAs as well (1.4 and 9.7%, respectively) (Degenhardt et al. 2008; Singleton-Bowie 1995; Williams 1995) . This is consistent with the above claim that the genetic factors may play an important role in their etiology. However, throughout the long-history of living together in the same country, there have been diVerences in socioeconomic status between AAs and EAs, so the inXuence of environmental factors still cannot be neglected; in other words, they might also play a role in the etiology of psychiatric disorders.
The expected risk of a disease, especially a recessive one, should decrease in admixed populations when compared to their ancestral populations, because the rate of inbreeding declines. This may explain for the present study why population admixture signiWcantly decreases the risk for AD in EAs. We studied much larger sample size of AD than other phenotypes in the present study, which could explain why admixture was detected to aVect AD risk. Increasing the sample sizes to reach suYcient power might help to detect the associations between population admixture and more psychiatric disorders. In addition, in the Wrst admixed generation, all loci (including the disease risk loci) are ancestry-heterozygous (i.e., one chromosome is derived from one population and the other chromosome from the other population), which has the highest degree of admixture of 50%, so the disease risk rate in the Wrst admixed generation might be signiWcantly diVerent from those in other generations. A similar situation might also occur for some psychiatric disorders.
The association between population admixture and risk for disease may obscure the association between diseases and other factors, such as candidate genes (Luo et al. 2005a ). In addition, population admixture could result in violation of Hardy-Weinberg Equilibrium (HWE) in the genotype frequency distribution of a non-disease-associated genetic marker, or in linkage disequilibrium (LD) between unlinked loci (Luo et al. 2005b) . Thus, an admixture eVect should be considered in association studies, especially in those with a population-based design, when testing for HWE and in the analysis of LD. One way to consider admixture in association analysis is to condition the analysis on the degree of admixture, which we have done previously (Luo et al. 2005a, b) . Another approach involves a family-based design-by typing parents of cases, and using the two untransmitted parental alleles as controls for the two alleles transmitted to each aVected individual, to eliminate confounding by population admixture.
